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STRENGTH ANALYSIS OF STIFFENED BEAM WEBS

By Paul Kuimn and James P. Peterson
SUMMARY

A previously published method for strength snalysis of stiffened
shear webs has been revised and extended. A set of formuwlas and
graphs which cover all aspects of strength analysis 1s given,
experimental data are presented, and the accuracy of the formulas
es Judged by comparison with these data is discussed. Revisions
of some formulas have resulted in improved agreement with experi-
mental stresses and with more rigorous theory, particularly for
low ratios of applied shear to buckling shear. The scope of the
experimental evidence has been greatly increased compared with the
previous paper by incorporating the results of several investigations
undertaken since then.

INTRODUCTION

Meny of the shear webs used in aircrafi strudtilres are so thin
that they buckle at a fraction of the ultimate load. A purely
mathematical theory of basically simple form has been developed
for the limiting case of webs so thin that their resistance to
Ruckling is entirely negligible (reference 1). This theory of

pure diagonal tenslon 13 too conservative for practic%l use
because the resistancg to buckling of practical wets - incomplete-
diagonal-tension webs - is far from being negligible. A mathe-
maticel theory of incomplete diagonal tension has been developed
(reference 2), but it requires such extensive calculations that

its adaptability to stress analysis 1s questionable; moreover, no
adequate check of ite accuracy by comparing 1t wlth test results
over a wide range hes been published, end it 1s not sufficlently
complete to explain upright failures, probably the most important
item in the design of web systems.

In the face of such difficulties, practical stress-analysts
have often regsorted to entirely empirical formulas. Therc are
two objections to such a procedure: Without the benefit of some
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gulding theory, a very large number of tests 1s required to insurs
the reliability of a given formula, and a formula established for
the strength of one part of a beam is usually of little, if eny,
help in establishing formulas for other ltems.

The method of analysis glven herein constitutes an attempt
to avoid insofar as possible the objJectlons to purely theoretical
or purely emplrical methods. The baslis of the method 1s a semi-
empirical engineoring theory of incomplete diagonal tension, made
as simple as possible by confining attention to over-ull or avsrage
effects. The theory is formulated in such = way thet the limlting
conditions of fully developed dlagonal tension ard of zero diagonal
tension (so-called 'shear-resistent web') are included; it cen
therefore be regarded as an ald for interpolating between these
limiting conditions.

The snalysgic is divided in%to two parts. The presentation of
the theory and of the design formulas Is given In pert T and is
kept very brief in order to apyroach as closely es possible the
final form that it would take in a stress manual. Part IT 1s
devoted to & dlscusgsion and experimental verificatlon of the
Tormulas; 1t incorporatea the results from a number of previous
investigations. In ordsr to keep the length of this part also
to a minimum, the discussion has been confined to items of decided
practical interest. Reading of part IT is not necesssry if
interest is confined bto routine applicetion of the design formulas
but 1s Indispensable for anybody who wishee to Interpret test
results or to extend or modify the formules in any reapect.

The theory is basically the same as that previously published

in refevences 3 and 4, but it has been modiried in some respects
and therefore superscedes the materlal given In these references.

SYMBCLS

A crosg-gectional area, squarc incheg

E Young's modulus, ksi

G shear modulus, ksi

I force iﬁ beam flange due to horizontal component of

diagonal tension, kips

I moment of Inertie, incheeh
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L length of beam, inches
2 force, xips
Q static moment sbhout neutral axis of paris of cross

gection as specified by subscripit, inches

R coefficient of edge restraint (see formula (7))
S trangveree shear force, kips

d spacing of uprights, inches

@ distence from median plance of web to centroid of

(cingle) vpright, inches

h depth of beam, inches (cee Special Combinations)
k diagonal-tenslon factor
t thickness, inches (used without subscript signifies

thickness of web)

a angle between neutral axis of beoms and direction of
dilagonal tension, degrees

& deflection of beam, Inches
€ normal strain
N centroidal radius of gyration of cross saction of upright

about axis parallel to web, inches (no sheet should
e included)

g normal stress, ksi

T shear stress, ksi
Subscripts

DT diagonal tension

F flange

S shear
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upright
wedb
critical
ultimete

effective

Special Combinations
internal force in upright, kips
ghear force on rivets per inch run, kips per inch

total shear strength (in single gshear) of all rivets in
ones upright, kips

upright spacing meesured as shown in filgure 5(a)
depth of web measured as shown in figure 5(a)
depth of beam measured between centrolds of flanges, inches

depth of beam measured between centroids of web-to-flange
rivet patterns, Inches

length of upright measured bstween centrolds of upright-
to-flange rivet patterns, inches

theoretical buckling coefficient for plates with simply
gupported edges

"basic" allowable siress for forced crippling of uprights
(vclid for stresses below proportional limit in
compresasion of upright material), ksl

u{ £
- {‘ A . e s v
flange flexibility factor (0 Ta (T * IT)h(_, ’

where I, and IT are moments of inortiz of compression
flange and tenslon Tlange, respectivcly)
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I - THEORY AND FORMULA S
NGINETRTNG THEORY OF INCOMPLETE DIAGONAL TENSION

In 2 plate girder subjected ‘o az schear load less than the
buckling lozd, the web plate is in a state of pure shear along the
neutral axis as indicated by the inset diagram in figure 1(a).
Above and below the neuvral axis, normal stresses exist in a
horizontal direction, but in the investigation of the web for the
present purpose these stresses may be disregarded, and the stress
diegram may be assumed valid over the entire depth of the web.

The web ctil'feners carry no stiress.

If the web is thin, it will buckle at a certain critical
ghear load. I the load is Increased beyond the critical value,
the buckle pattern will gradvally approach a configuration con-
sisting of parnllel folds (fig. 1(b)). In the theoretical limiting
case of an infinitely thin sheet, the web carriss pure tensile
agtresses in ths directlon of the folds as indicated by the ineet
diagrem in figure 1(b). The angle @ wvhich these folds include
with the horlrzontel axis of the beam 18 usually somewhat less
than 45°. Simple statical considerations show that each upright
cerries a load '

Py = 7td ten o (1)

23 reaction to the vertical component of the web tension, and each
flange carries a compressive force

H=%2cota (2)

oA

es reactlon to the horizontal component of the web tension.
Tormulas (1) and (2) cen be eveluated once the angle a 1s known.
The theory of pure diagonal tension (reference 1) shows that this
angle ia given by the formula '

2 _ & ¢x
tane = T (3)

where € 1s the strein in the web, €y 1is the strain iIn the
flonaes due to the force H, and &y is the estrain in the upright.

Elongation is considered as positive strain.
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In a practical thin-web beam, the state of stress in the web
i5 intermediate between pure shear and pure diagonal tension. An
engineering theory of this intermediate state of incomplete diagonal
teneion may be based on the assumption that the totel shear force S
in the web can be divided into two parts, a pert Sg carried by
pure shear and a part OSpp carried by pure diegonal tension; thus

S = SS - SDT

Thie expreseion may be written in the form

Sg = (1 - k)S

vhere k 1is the "diagonal-tension factor' which expresses the
degree to which the disgonal tension is developed at a given load.
With this factor, the state of pure shear is characterized by k =0,
and the state of pure diagonal tension, by k = 1. The stress
condition of & web element is shown in figure 2 for the two

limiting cases k = 0 eand k = 1 and for an intecrmediate case.

The factor k has becen established empirically by evalueting
strain measurements on uprichts because the stresses in the uprights
constlitute the most sensitive criterion for the degree to which the
dlagonal tension is developed. For loads less thon five times the
buckling loads, for which the accuracy of the oxperimental results
ie often poor, ussc was made of the calculations made by means of
Levy's large-deflcction theory of pletes (references 5 and 6).

From these experimental and theoretical date, it was found that k
can bs glven by the expression

k = tenh (0.5 Logyy —T-T——)
\ cr,

As long a8 the web is resieting some compresslve stress in a
diagonal direction, it cen also resist some compressive etress in
the vertical directlion and thus assist the uprighte. If the
distribution of these vertical compresslve stresses is assumed to
be sinusoidal immedistely after buckling as indicated in flgure 3,
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the total effective width of sheet cooperating with the upright

is 0.54. The effective width will decrcase as the diagonal tension
develops and will become zero for fully developed diagonal tension
(k = 1). Tf the effoctive width is assumed to decrszass linearly
wvith k, the effective area contributed by the web to the upright
in

by, = 0.535(1L - k) (6)

/. corresponding aspumption could be made for the contribution of
the web to the Tlange area as {ar as resistance to the force H
given by formula (2) is concerned. 7This refinement, however, 1s
probably ummecosgsary in the enalysis of beom webs.

Tormlas (4) to (6) are the fundemental formulas which
generzlize ths theory of pure dimgonal tenslon to cover the full
rangz of incomplete diagonal tension from the liniting case of pure
shear to the limiting case of Tully developed dlagonal tension.

They enable the stress apalyst to make a reascnably accurate
cstimete of the stresses in the uprights; the necessity of estl-
mating these siresses with a much better accurecy than that afforded
by the thcory of pure djagonal tension has been the predominant
rezson for developing a theory of incomplete dlegonal tension.

The theory expressed by formulas (k) to (6) defines only the

"over-all" state of stress in the median plane of the web. It
dons not attempt to give an account of the detail distributlon of
these stresses, nor does it give any account of the bending stresses
in the web shee+ induced by the shear buckles. Conssquently, all
probloms that involve the details of the web actlon require
additional assumpilonﬁ ‘or empirical data for their solution. For a
number of ‘items (for instance, forces on the web attachment rivets),
the megnitude is nown Tor the limiting cases of pure shear and
pure diagonal tension; for any intermediate case of incomplete
diegonal tencion, the magnitude cen then be estimated by inter-
polating between the limiting ceses with the factor k as argument.
Straight~line interpolation is used unless empirical data or
theoretical considerations indicate a different law of variation.
For some quantities, straight-line interpolation is used for
simplicity end conservativeness although the theory indicates a
more complicated law. '

A minor item from the theory of pure diagonal tension should
be mentionsd here. The vertical component of the dlagonal tension
in the web will bend the beam Tlanges as indlcated In figure L.
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As a result, the tension will be relieved in some parts of the web
and correspondingly increased in other parts of the web as indicated
by the spacing of the diagonals In the figure. The redistribution
of web tenslon, in turn, will decrease the secondary bending

momente in the flanges. The theory of these cffects is discussed

in reference 1.

FORMUIAS FOR STRESS ANATYSIS

Limitations of Formulas

The formulas glven herein sre belisved to glve reasonable
asgurance of congservative strength predictions provided that
normal deslgn practices and proportions are uvsed. The most
importent points under this provision are that the uprights should

not be too thin (éay EH.> 0.6) and that the upright spacing should

1

< 1.0,

e

not be too much outside the renge 0.2 <

Very thin webs (&-> 1500) with single uprights, end very

thick webs (% < 200) have not been explored adequately. For web

systems In these rangos, some possibility of unconservative pre-
diectlions may exist., '

The accuracy that may be expected of the strength predictione
‘1s discuseed in part II, which presents the experimental evidence.
The origin of the formulas end the references are also given in
part II In order to keep part I free from details not necessary to
the routine application of the formulos.

Criticel Shear Stress

In the elastic range, the critical shear streess of the eheet
between two uprights is calculated by the formula

ol 3
t )7 1 cl|”
Top © kﬂéEk§~) th + équ - Rh)(ﬁ;J_J (7)
3
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where

¥ag theoretical buckling coefficient (given in
£iz. 5(2)) for penel of length h, and width &g
with gimply supporied cdges

g width of rheet between uprights measured as shown in
figure 5(a), inches

h, depth of web meesured as shovm In figure 5(a), inches

Rp restraint coofTiclent for edges of sheet along upright

: (from Tig. 5(b))

R rostraint coefficient for edmes of shecet slong flanges
(from Tig. 5(0))

(Ir &, > h,, substitute hy, for d&;, d; for h, Ry for Ry,

a
and By for Rg.)

Curves of the critical shesr streeses For plates of 245-T7
aluminum alloy with silmply supported edges are given in figure 6.
mo the right of the dashed line, these curves are plois of the

theoretical eguation
2
t
T = kﬂuE<f”>
Cr ks d_c

and ray be used for most aluminum alloys. To the left of the
dashed line, *he curves represent siraight-line tangonts to the
theoretical curvee in & nonlogarithmic plot and are valid only
for 2L4S-T elloy.

When the uprights ere very thin, the value of T, obtained
by formula (7) mey be less than that obtained by neglecting the
presonce of the uprights. Web systems of such abnormal proportions
ghould not be designed by the formulas of the present paper.

Loading Ratio

The loading ratlio is the ratio T/Tcr vhere T 1is the
depth=wigs averuge of nominal web shear stross, that ig, of the
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shear stress that would exist in the web 1f dbuckling were
artificizlly prevented (by external restraints acting on the web) .

When the depth of the flanges 15 small compared with the depth
of the beam, and the flanges are angle sections, the stress T may
be computed by the Tormmla

Sy
X ©

e

In beams with other cross sections, the average nomlnal shear
stress T should be computed by the formula

. S (1 . QQW) (9)

I+ 3Qp

where Qp iz the static moment about the neutral axlis of the flange
maeriel and @y 18 the stetic moment aboul the neutral axis of the
effective web maierinl 2bove the neutrel axis. TFor the computations
of I end Q, the vifoctiveness of the wsb must be estimated in
firet approximation. A3 second snd final approximation, the
effectivensss i the web may be telken as equal to (1 - k), where k
is tho disgoral-tension factor deterrined in ‘the next step; in other
words, when I and Q are being couputed, the effective thickness

of the web is taken as (1 - k)t.
Diagonal-Tension Factor k
After the loeding ratio 7/T .. haes been computed, the
dicgonal-tension factor Xk can be computed by formula (5) or
read {rom figure T.
Average Otress In Upright
The average stress oy In a double upright (average over

the length of the uwpright) is given by the formula

kT tan o

Oy = A .

U
— . -]
It F 0.5(1 - k)
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which follows from formulas (1), (4), and (6). It can be oveluated
with the help of figure 8 or figure 9 which give the raiio o/t

ag & function of the ratio AU/dt and the loading ratio T/%cr.
The stress oy 18 uniformly distridbuted over the cross section of
the upright vntil buckling of the upright begino.

The stress dU for a single upright is obtained in the sume
manner, except that the ratio Ay/dt 1s replaced by AUe/dt where

A

Ay = ———-I—J-—-a— (10)
/&

1+ (p)

~

For the single upright, oy is still an average over the length

of the upright, but it applies only to the median plane of the web
along the line of rivets connecting the upright to the web. In any
glven cross sectlon of the upright, the compressive stress decreases
with increasing distance from the web, because the upright is a
colum loaded eccentrlcally by the web tension. (For this reason,
formulas for local crippling based on the assumption of a wniform
dlstribution of stress over the cross saction do not apply.)

Maximum Stress in Upright

The stress oy in an upright varies from e meximm at (or
near) the neutral axis of the beam to & minimum at the ends of
the unright (“gusset effect”). The ratlo of the maximuwn stress
to ths average stress dscreases as the upright spacing or the
loading ratio Increasee. The empirical formula for the ratio is

W, Ve
Lmax g, | Mmex -1(1-1:) (11)
UU UU o
o’
U
vhere <-§§zﬁ is the value of the ratio when the web has just
U

o

buckled. The ratio ig glven graphically in figure 10.
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Angle of Diagonal Tensfon

The angle o between the direction of the diegonal tension
and the axis of the beam can be found with the eid of figure 11
after k and oy/T have been detsrmined.

Alloweble Stresses in Uprights

The following four types of failure of uprights are
concelvable:

(1) Column failure

(2) Forced cripnling faillure

(3) Batural crippling failure

(4) General elastic instability Tailure of web and stiffeners

Column failure.- Column fallures in the usucl meening of the
word (Tailure due to instability, without previous bowing) are
possible only in double uprights. When column bowing begins, the
uprights will force the web out of 1ts original plene. The web
tensile forces will then develop components normal to the plane
of the web which tend to force the uprights back. This bracing

action is taken into account by using a reduced "effective column
length of the upright Lg, vwhich is given by the empirical formula

hyy

\!1 + k2(3 -2 %)

Le (12)

The stress o,, at which column failure takes place can then be
found by entering a stendard colurm curve for the upright with
the slenderness ratio L,/p as argument.

The problem of "column' faillures in single uprights has not
been investigated to eny extent, and test results are greatly at
variance with theoretical results. The following two criterions
are suggested for strength design:
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(a) The stress oy should be no greater than the column
y10ld stress for the upright material. S

() T™e stress at the centrold of the upright (which is the
average stress over the cross section) should be no greater than
the allowable colunmn stress for the slenderness ratio hU/EQ.

The first criterion accounts for the upright acting as an
eccentrically lozded compression member; the sscond one is an
attempht to take into account a two-wave type of buckling fallure
that has been observed in very slender uprights.

Forced crippling failure.- The shear buckles in the web will
force buckling of the upright in the leg attached to the web,
particularly if the upright is thinner than the web. These buckles
gilve a lever arm to the compreasive force acting in the leg and
thereby produce a severe stress condition. The buckles in the
attached leg will In turn induce buckling of the outstanding legs.
In single uprights the outstanding legs are relieved to & con-
gsiderable cxtent by virtue of the fact that the compressive stress
decreages with distance from the web; the allowable stresses for
ningle uorights are thercfore somewhat highor then those for double
uprights. Bocause the forced crippling is of a local naturs, 1t is
asgumed to deopend on the peak walue UUmat of the npright stress

rather than on the avsrage velue.

The upright stress at which final collapse occurs 1g obteined
by the following empirical method:

(1) Compute the allowable value of OUpax O @ Perfectly
elastic upright meteriel by the formula

0, = 28k \tU/g (for single uprights) (13a)

I

oy = 25k Jtu/t (for double uprights) (13b)

(2) If 0, ©xceeds the proportional limit for the upright
material, use asg allowable value the siress corresponding to the
compressive strain UO/E.

(3) I <‘O.5, use en effective value in formula (13a)
or (13b) given by the expression

ko = 0.15 + 0.7k (13c)
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Natural crippling failure.~ The term "natural'crippling failure'
ig used herein to denote a crippling failure resulting from a
compressive stress uniformly distributed over the cross section of
the upright. By this definition, it can occur only in double
uprights. To avoid naturel crippling failure, the peak stress cUmax

in thoe upright should be less than the crippling stress of the

L

section for -*90. Natural crippling failure does not appear to

be a Vontrollinp factor in actual designs.

General elastic instability of wsb =znd stiffeners.- Test
experience so far has not indicated that general elastic instabllity
need be consldered in strength design. Apparently, the web system
is safe against general clastic instability if the uprights are
designed to fall by columm action or by forced crippling at a shear
load not much lower than the shear strength of the web. It should
be borne in mind, hovpver that the test experlence available at
pregent ig not adequafc or very thin and for very thick webs.

(See section of present paper entitled "Limitations of Formulas.' )

Wet Design

For design purposes, the pesk valun oi' the nominal web shear
gtress within a bay iz tuken as

Tmax

=7(l+ k01>(1 + kca) (1k)
vhere €1 =and Co, are the factors givén in figurcs 12 and 13,
respectlvely. The factor C; constibtutes a corrsction factor to

allow for the angle o of the diagonal tension differing from 45°
The factor Cz makes allowance for the stress concentration in

the web brought about by flexibility of the flanges as diescussed
In connection with figure 4.

The alloweble value of Tmar is determined by tests and

depends on the value of the diagonal-tension factor k as well

as on the detzils of the web- to-flange and web-to-wpright fastenings.
Figure 14 gives empirical curves for two aluminum «lloys. It should
be noted that these curves contain en allowance for the rivet
Tactor; inclusion of this factor in these curves is possible

because tests have shown that the ultimate shecr stress based on
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the gross section (that is, without reduction for rivet holes) is
almost constant within the normal renge of rivet factor (QR >>O.6).
A geparate check must be made, of course, to insure that the
allowable bearing stresses beotwesen rivets and gheet are not
exceeded..

Rivet Design

The load per inch run acting on the web-to-flange rivets is
taken as

SY.;’

= + 0.414K) (15)
R

With double uprights, the web-to~upright rivets mmst provide
sufficient longitudinal shear clrength to make the two uprights

act as an Integral wnit until columm failure occurs. The total
rivet shear strength (single shear strength of all rivets) regquired
for an upright 1is

s 1
Riot =% 1 (16)
e
where
N colum yield strength of upright material (if o, is
expressed in kei, Ry,e will be in kips)
Q static moment of cross section of one upright a2bout an
axls in the medlsn plane of the web, inches3
b width of outsianding leg of upright, inches
hyy/Le ratio obtainable from formula (12)

The rivets must also have sufficient tensile sirength to
prevent the buckled sheot from lifting off the stiffencr. The
nacesgary strength is given by the hentative criterion

Tensile strencth (per inch) of rivets > 0.15to,4 (17)

where 0,74 18 the tensile strength of the web.
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For wsb-to-upright rivets on single uprights, the required
tensile strength is given by the tentative crlterion

Tensile strength (per inch) of rivets > 0.22tg,,, (18)

(The tensile strength of a rivet is defined as the tensile load
that ceuses any failure; if the sheet is thin, failure will consist
in the pulling of the rivet through the sheet.)

No criterion for shear strength of the rivets on single
uprights has been esinblished; the criterion for tensile strength
is probably adequate to insure a satisfactory design.

The pitch of the rivets on single uprighte should be emall
enough to prevent inter-rivet buckling of the web (or the upright,
if thimner than the web) at a compressive stress equal to UUmax’

The pitch should also be lees thom &/h in order to Justify the
agsumption on edge support used in the determination of Teoy® The
two criterions for pitch are probably always Iulfilled if the
gtrength criterions are tfulfilled and normal riveting practices
are used.

The upright-to-flange rivets must carry the load existing in
the uwpright into the flange.

oy (for double uprights) (19)

il

Py

Py GUAUe (for single uprights) (20)

These formulas neglect the gusset effect (decrease of oy towards
the ends of the upright) in order to be conservative.

Secondary Bending Moments in Flanges

The secondary bending moment In a flange, caused by the vertical
component of the diagonal tension (fig. k), may be taken as

M = {15 kT 4d°C4 | (21)

vhere C, 1is & factor given in figure 13. The moment given by
formula %21) is the maximum moment in the bay and exists at the
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ends of the bay over the uprights. If C3 and Xk are near unity,

the moment in the middle of the bay is half as large as that given
by formula (21) and of opposite sign. (See fig. 4.)

Shear Stiffness of Web

The theoretical effective shear modulus of a web G, 1in partial

dilagonal tension is glven by {igure 15. Thils modwlus is valid only
in the elastic range.

IT - DISCUSSION OF FORMULAS AND

EXPERIMENTATL T VIDENCE

In the following part of the present paper, the formulas and
the experimental evidence are discussed in the segquence in which
the formulas appear in part I. The experimental cvidence prensented
is based on results from manufacturers' tests and tests made in the
Langley Structures Research Divizion of the NACA. A1l test
evaluations are based on actual material proverties insofar as
possible.

TEST SPECIMINS

The analysis covers about 90 beams tested by four menufacturcrs
and 32 beams tested by the NACA. Some of the manufacturers' tests
could not be fully enalyzed because the data were incomplete. The
range of the tests can be defined as follows:

|
Ratios Range
h/t ‘ 300 to 2500
a/h ©0.18 to 0.91
Ay/dt 0.039 to 1.2
ty/t 0.42 to 8.k

The NACA tests are discussed in greator detail than the
manufacturers' tests beccuse the strain measurcments taken in
these tesis served as the main basis for establishing the



18 TWACS T e, L35N

diagonal-tension factor k. The essential date on all beams tested
by the NACA ars given herein in condensed form in order vo obviate
the necessity of referring to references 4, 7, and 8.

Each beem of the NACA series 1s glven a code designation such
ag I-25-4D, with the following meaning:

I designates the test seriles of relference L (Series IT i=
from reference 7, cories III from refercnce 8, series IV
from recont tests not previously published.)

25 1s the epproximate depth of the bemm In inches
L is the nuuber of the beam within the series
D stends for double uprights (S for single uprights)

The basic data on the beams are gilven by figure 16 and teble 1.
The main rosults of the strength tests and of' the calculations

~

are given in table 2.
CRITICAL SHFAR CTRECSES

Formulas for the oritical shear stross of a flat plate with
pimply supported edyes may be Found in rotercnce 9. Formula (7)
for plates in which the edge conditions on one ozir of edsies
differ from those on the other pelr of edges was obtalned by
fitting en emnirical curve to theorctical results for plates with
one palr of edges simply supported (R = 1) and onc pair of edges
‘clamped (R = 1.62). The theoretical results were taken from
references 10 to 13. Some of the results given in reference 11
were shown to be in crror by Mohelt, whose results are given in
reference 13, but corrected values wers not given for ell cazes
that may be in error. A Adefinite statement on the accuracy of
formula (7) for the case of two edges clamped and two edges simply
supported can therefore not be made, but it iz belicved that the
formula has a maximum error of about 4 percent.

The restraint coefficients R given by flgure 5(b) are breed
on incidental determinations of buckling gtresses made in some
beam tests. - It should be realized, first of all, that representing
ag a function of only tU/t constitutes 2 rather extreme simplifi-
cation of & very rnomplex problem end, furthermore, the exporimental
determination of the critical stress in a beem wob is a difficult
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problem. The curves given should, thersfore, not be interpreted
ag neens for a very exact determination of the critical stress,
but as means Tor obtaining an epproximate value of the critlcal
stregs adequete for the purpose of obtaining the dilagonal-iension
fector k. The upper curve of figure 5(b) ie believed to be
reasonably reliable because existing test datu agrec Talrly well
with 1t. Consideorable doubt exists about the lower curve,

.1.
particulerly ior {§~< 1.2, Dbecause the test data are nov only

voery meagey but aleo difficult to interprat.

The part of the curve near the origin is shown es a dashed
line to indicais two factes. One ies that no cxperimental evidence
wen availeble for this region. The other one is that the appll-
cation of formwlae (7) in this region mny give buckling stresses
lower than those that would be obtained if the presence of the
wprichts were disrvcaarded entirely and the web were considered
ag a plate framed by the beam flsnges ard the tip and root uprights.
This obviously crroneous result 1s caused by the simplifying
assumptions implied by formmla (7); fortunately, it appears very
improbable that ths region in question will be epproached in any
actual web systen designed to develop a strength somevhere near
the shear strength of the wob.

DIAGCWAL~-TRNSICN FACTOR k

Formla (5) for the fector k was obtained by Titting an
empiricel curve to values of k cnlculated from the strain
mesourements on the uprights of the NACA test beams. A direct
comparigon of the calculated valuss of k and the empirical
expression is not given because it is of much less interest than
the comparigon of the experimental upright stresses with those
predicted with the aid of the empirical k-curve.

ANALYSIS CHARTS

e enalysis charts (fige. 8 and 9) were calculated from the
formule for oy given in part T under the heading Average Stress
in Upright." This formula must be evaluated by successlve approxi-
metions because ten o 1s a function of o according %o formula (3).
The flinge area was agsumed to be so large that =<, could be
neglected in formula (3).
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The use of the anelysig charts to determine the stresses in
gingle uprighte by means of the effsctlive cross-section area AUe

(forrmula (10)) implies several simplifying assumptions. Formula (10)
1s obtained from the familiar formula for eccentrically loaded
compression members

by Betting c=e¢ and I = pzA. The implied assumptions are:
(2) The cccentricity e of the load is constant.

(b) The ratio e/p ig not changed appreclably if the
contributlion of the web to the effective cross section of the
unright is neglected.

Assumption (&) is vlausible if the uprights are very closely ,
spaced, because the web then moves with the unrights (reference 1).
In general, however, both assumptions can be Justified only by the
Tact that they have ylclded good agreement with *test results.

Thick webs are ltkely to require more refined assumptiona. If
elther sssumption (8) or (b) is dropped, the znalysis charts cannot
be used for webs with single uprights.

VERTFTICATICN OF STRESS FORMULAS

In this sec*ion, results obtained by meeans of the engineering
theory of incomplete diagonal tenslon will be compared with

(a) Exporimentel stresses deduced from NACA strain measuvrements
on uprights

(b) Upright forces calculated by Levy's theory (references 5 and 6)

(c) Diagonal-tension factors k deduced from the tests of Lahde
and Vagner (reference 1k)

Outline of nprocsdure in NACA tests.- In the NACA tests, the
strains In the uprights wsre measured with clectrical gages. In
order to obtnln & reasonably representative average, a Tairly large
number of gage stations was used on each upright (9 gage stations
on the 25-inch beams of serles II and IIT) and measurements were
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taken on two or three uprights depending on the total number of
uprights in the beam. After the straina had been converted to
stresses with the help of stress-strain curves obtained from coupon
tests, all the stresses for one bheam were averaged to obtain the
Tinal value of op shown in the plots.

Comparison with experimental sitresses In double uprights.- On
double uprights, a pair of gages was used at each straln station
in order to averzge out bendling stresses. The efficacy of this
device devends on the degree to which the two stiffcners comprising
the uprights act as an integral unit. A high degree of integral
actlon was probably achieved in all the beams discussed hereln,
and will probably be achieved In any boam in which the uprights
are not thinner than the web, provided that the rivet comnection
is adequate to prevent inter-rivet buckling.

Inspection of figure 17 shows that the calculated values of oy
for double uprights ares generally conservative or In close agreement
with the experimental stressns; the only casc of a decidedly uncon-
porvative prediction ig beam IV-72-3D at high loads. A somewhat
curious phenomenon is shown by beanm IV-72-1D, for which oy begins
to decrease with increasing load at a load well below the wltimate.
The phenomenon eppears to be linked to somc oxtent with the effects
of local buckling or forced crippling. The beam in guesilon had
next to the lowest ratio of ty/t of all the double-upright beams
tested, end the same phenomenon was exbibited to a much greater
degree by the single-upright beam IV-72-4S, which had en even lower
retio of tU/t. Some other double-upright beems wilth a somewhat
higher ratio of +ty/t (beams III-25-4D and ITII-25-7D) appear to
indicate a slight tendency toward the same phenomenon. It 1so,
therefore, debatable whether o really begins to decrease or

whether the strain readings are falsified by local buckling siresses.

Comparison with experimental stresses in single uprights.~ The
predicted stresses oy for single uprighte are valld only for the
median plane of the web at the upright in question, whereas the
strain measurements were taksn on the oxposed face of the attached
leg of the upright. In order to permit a direct comparison, the
predicted ntresses were corrected to the plane of measureuent,
assuming linear stress verlation in the vprights.

In single uprichts it is not possible to average out bending
stresses by using pairs of gages. Theoretically, they could be
almost averaged out i1f gages were located on each crest and In each
trough of the buckles, but the buckle patterns cannot be predicted.



22 NACA TN Fo. 1364

with sufficient accuracy to achleve such a distribution of gages.
In order to give some 1dea of the magnitude of the bending stresses,
figure 17 shows for all beams with single uprights not only the
averege stress oy but also the lewest and the highest individval

streos meesurad at any one gago in any of the uprights of the beam
at each load. Inspechion of the figure shows that the range from
the lowest to the highost stress is quite large. In spite of this
fact, howsver, the experimental averege stress Oy agrees quite

well with the predicted etress in moot cases, much closer in fact
then for double uprights considering all tests, cxcept that on the
single-uprigcht beams the stresscs oy at the highest loads show &

tendency to exceed the calculated streases in o number of cases.

The phonomenon of a reversel in the curve of oy against load,
noted for beam IV-T2-1D, 1is exhibited very markedly by beam IV-T72-4S.
This beam had & ratio of ty/t of unity, the lowest of all single-
upright beame tested. 7he renpge of Indlvidual stresses is extremely
large. Tencile atresses of large magnitude appear, vhereas in all
other beams the siress remsined compressive; that ls, the tensile
gtress due to locel buckling waes alwaye less than the columm
compressive stress in the wpright (with minor exceptions for
beam IV-Te-23).

Comvarison with Levy's theory.- On most of the beams tested
the critical shear s*rcss wes too low to permlt comparisons at low
loading ratlos T/Tcr. The only excepiions were the beams of
series IV, and, as noted, the resulte on two of these were presumably
partly invalidated by local bending effects. Fortunately the region
of low T/Tcr is reasonebly amencble to theoretical calculations.
Lovy has developed & suitable theory of plates with large deflections
snd has carried through calculations for several specific cases
(references B and 6). Comparisons between the resulis obtained by
the prosent semiempirical mothod and Levy's theoretical results are
shown in figure 18.

The upright loed PUmax rathcr than the upright stress is

shown in figure 18 in order that the result for the theoretical
l1imiting cese of infinite upright area might be included. The

agrecment for % = Ot and é% = 0,25 15 very closc. For the two

cases with

5 f

= 1.0, the agreement is not so close. For the finite-

/JQ;
size upright \\5% = O.2€>, the upright load nredicted by the present
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theory 1s less than that predisted by Levy's theory, with a maximum

deviation of aebout 30 percent ¢t L. 1.5; for the infinitely large
cr i

uwpright, the deviation i of the wamo sign and scmewhat larger.
Althougn the agreement for % = 1.0 1is not so good as might be

| A a
desired, the agreement for thls cases as well &s Tor n = 040 18
" very much better than that shown in references 5 end 6, which were
based on the expressicn for k glven In reference 3.

Knowledgs of the strengith of beams designed to fail (by
gimultenecous failure of the uprights and the web) at low ratics
of T/Tnr is very incomplete at prezseni. Thore are indications,
however: that Tor efiiciont @saige *he spacing retle d4/h will
probably be sbout 1/2. The semienpirical method of predicting oy
aprears to hold promise, therefcre, of giving reasonable accuracy
in the rangs mosﬁ inporiant for %esign even Tor webg thet are
commonly called "shear-resistant webs rather than incomplete-
diagonol~tension weba. -

Comvarison witin lests of ILahde and Wagmer.- The comparisons with
experiments presented eo for have been mede for the stresses oy
rather then for the disgonsl-iteneion factor Xk because the stress
is the directly measwred quantity and is of greater dlrect intercst.
For the tests reporteld in refersnce 1lh, 1t is more convenlent to
compare values of the dlagonsl-tension lector k. These tests wers
not made on actual bz2ams, but on vlates in e speclal test Jig. The
test conditions were scmevhat srtificial and moy not represent the
conditions existing in a beam very well. There are &also doubls
concerning the evaluation and Intorpretation of the test resultis.

As & matter of some interest, however, figure 19 shows the graph

for k obtained by a comparison between formula (5) and experimental
values of k deduced from these test results. In view of the
factors of doubt mentioned, the agreement 1s perhaps as good as

can be expected. The Tact that tho experimentel points lie con-
gistently above the curve may he explained in pert by the fact that
the critical etresa has besn taken &t the theoretical value for
clamped edges; it is well known thet the fully clamped condition

can be realized only imperfectly in tesis, and lack of initial
flatneas would ceuse a further reduction of the critical stress.

Maximm stresses U in uprights.- Formula (11) for the

e

ratio U, joy  is based on Levy's theoretical results (roferences 5
nax

a '
end 6) for ﬁ = 1.0 and % = 0.0 end on the assumption of linear
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variation with d/h. Linear decrease of the ratio with Xk toward
unity at k =1 was also assumed.

On single uprights, experimental values of @y, . /¢y camnot

be sstablished with satisfactory accuracy because the local bending
gstregses cannot be eliminated from the measured total stresses.
Figure 17 shows, therefore, calcvlated and experimental values of

OUpax only for double uprights. For a number of beams the cal-

culated curves of oy . aiffer but little from the curves of oy;
for these beems the experimental values of gy VO¥e 80 close to

{9

the experimental values of oy that it was not feasible to show them
on the plots. For the other beams the exnerimental ratios oUy,y/0U

are generally of about tho same order of magnlitude as the calculated
valuee. A close comparison is herdly warrented in view of the experi-
mental scatter.

Distribution curves for oy are given in filgure 20. The test

points represent the average of corresponiing stations on threes
uprights as well as the average of corresponding statlons to either
side of the neutral axis of the bean; they are, therefors, shown

only in the lower half of the becam. The curve in the lower half is
falrcd through the test points; the curve in the upper half is simply
the mirror image of the faired curve in the lower half. The curves
for the scries IV beceme show a very pronounced influence of the web
splice plate along the neutral axis of the boams. The splice plate
tends to act like a beam flange in producing gusset effect; in
addition, the splice platc adds directly to the croes-sectional aree
of the upright. All these effects were neglected In the analysis,

as was the increase in critical shear stress causecd by the splice
plate. For purposes of.comparison, however, a second anelysis was
made for six beams with upright failures, based on the assumption
that the web platc was simply supported along the splice line. This
essumption is obviously optimistic and yielded predicted falling
loads T nercent greater (average Tor all six heams) than the analysis
neglecting the presence of the splice plate. OF tho six beams, three
were from NACA series IV, and three were from mamfacturers' tests

on similar beans.

ANGLE OF DIAGONAL TENSION

Tn a fully developed dlagonal-tension ficld, the direction of
the diagonal tension coincides vwith the direction of the folds in
the sheet (reforence 1). When the diagonal-tension field is
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incompletcly developed, as it is in any actuval beem, the diagonal
tension constituies a component of stress which is ssparated out

of the total stress purely mathumatically, not physically. Moreover,
the diagonal tenslon thus separated from the total actual stress 1s
only an aversge ror the antire bay and does not describe the details
of the stress variation within the bay. The angle of dilagonal
tension consequently vbears only & very loose relatlon to the physical
folds in the sheets. A study of the contour map of a sheet just after
buckling (reference 9) shows that the "eo1de" sre curved to such an
extont thet an everage direction cannot be defined to any degree of
accuracy. No abtempt has been made, thereforc, to compare computed
angles of dlagonal tension with observed angles of folds.

ATICWABLE STRESCES FOR UPRIGHTS

Colurm Ffailure.- Out of a total of 19 beams with double-upright
failures analyzed, nine were predicted to fail by colum fallure.
In figure 21, the values of oy celculated for these besme at their

regpective Talling loads are plotted agpinst the effective slender-
ness ratio. Th: slenderness ratios were sufficlently high to make
the Fuler curve applicable in =11 cases; it wan, therefore, possible
to include uprighte of 248-7 alloy as well as of T55-T alloy.

The plot indicates that formmla (12) for estimaiing the effective
slendernens ratlo 1s somevwhat conssrvative considering all tests, but
a sufficient nunber of points lie so close to the curve that a less
congervative formule doecs not appear advisable.

Forced crivpling failurc.- Test observation”has shown"that the
shear dbuckles in the web will Fforce dbuckling or crippling of the
upright in the leg attached to the web. The amownt of the forced
crippling will obviougly depend primarily on the relative sturdiness
of the upricht and the web. The simpleat paramcter expressing
relative sturdiness is the ratio ty/t, and In reference I empirical
formules for allowable stress in the upright wers given based on this
parasmeter. OStrength predictions based on these formwlas, however,
showed 2 rather large scatter, which indicated that edditional
pararnsters wers necessary to ds=flne the failing stress more accurately.
A conaiderable reduction in the scatter was effoected by using the

parameter k~JtU/t Instead of ty/t, ond at the same time using the

‘maximum instead of the average stress in the uprights. (See
formulas (13a) and (13b).)




26 NACA TN Mo. 1364

Figure 22 1is a plot of values of Guﬁax computed from the

failing loads with the ald of the analysis chart, for all beams

of 24S-T alloy presumed to have failed by forced crippling. Omitted
from the plot are three points for a series of three 10-inch beams
which fell from 100 to 150 percent above the averege curve. Thie
discrepancy is so large that it Justifies doubts es to the accuracy
of the test data. It will be noted that all the points are fairly
wmiforrly distributed about the averige curve

0, = 35k [t/ (134)

The curve recomended for desipn (formule 13a), which is the lower
edge of the scatter band, lies 20 percent below this curve. Only a
single point lies appreciably below the design curve, and only five
points 1lis distinctly above the upper efge of the band, which

is 20 percent above the averaze curve. Two of thesg points are for
beams having a value of k< 0.5; this range will be discussed
presently. :

In accordence with formula (13c), an effsctive value of k was
used wvhen the actual value was below 0.5, Tt will be noted In
figurs 22 that the polnt for one of the three 80-inch beams which
fell in this range lies considerably above the upper edge of the
scatter bend. For the heam represented by *his high point, the
ratio of actual to prediclsd feiling lozd is above 1l.41; an exact
value canmnot be given because the actual failure was web failure,
not upright feilure. (It may bo noted thet the ratio 1.41 of actual
to predicted failing load is appreciably less than the ratio 1.57
obtained by comparing the plotted point for Uumay with the average

curve for Uuhax’ because the relation between UUﬁex end T is

not linear.) Anelysie of incomplete test data on e few 12-inch beans
with T/&Cr’ from 1.5 to 2.5 (at failure) indicated very close agree-

ment in some caces and nearly 50-percent conservativeness in othor
cases. These values indicate that strength predictions for boems

designed to fail at ;1~?< % may be considerably more conservative
cr

than indicated by the upper edge of the scatter band in figure 22.

Figure 23 shows that the avellable test data on beams of
755-T alloy with single uprights agree with Tormula (13d) within the
seme scatter limits as those for 24LS-T alloy. Figurc 24 shows that
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none of the pointe for double-upright beams fall below the recommended
design curve For such beams (formula 13b); the average curve is given
by

d, = 30k \[ty/t (13e)

vhich 18 about 14 percent lower than ths corresponding value for
single uprights given by formula (13d).

General elastic instability of wob ond stiiffeners.- Experience
vith simple elements such as pletes and stiffeners tested ns
individval columns has shown that elastic instability begimming at
low stresses is not immediately followed by uliimate failure; the
ultimete load mey be several times the critical load. Only when
elastic instability occurs zt a fairly high stress does the ultimate
Tailure follow soon after.

A similar condition appears to exist regarding the general
elastic Instebility of a web with double stiffeners. Analysis of
test date by means of existing theories of buckling of orthotropic
plates has shown in a nwiber of cases that the ultimate load was
geveral times the calculated critical load. Because of experimental
difficulties, very little effort has been made to determine experi~
mentally the load at vhich instability begine. It should also be
noted that existing theories hovs not dealt adequately with the
problem of general elastic inetebility in web systems where the web
has buckled between the stilfencrs.

Analysis of preliminary data on thick-web beams (h/t about 100)
has indicated that perhaps some corrolation between ultimate load
and. theoretical criticel load may be established if the critical
gtress lsg definitely above the proportional limit of the material.
Because web systems with these proportions hzve been studied very
1i+tle, il iy not possible tc state at present whether analysis for
colum failure and forced crippling failure esutomatically covers
the poesibility of general instebility fellure over the entire
deslgn range.

WEB DESIQV

Formule (14) for the peak web stress Toex is eimply a formule

for linear interpolation between the limiting cases of pure shear
(k = 0) and pure diagonal tension (k = 1), The factor Cy 1s

defined by

1 (e2)
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According to the theory of pure dizgonal tension (reference 1),
the diegonal tension stress 1s

Or
o= sin 2o (23)

According to formila (3), « = 450 if the flenges and the uprighte
are infinitely large (ey = ¢ = 0); 4n this cass, sin 2a = 1.
The factor C, expresscs, therefore, the excoss stress caused

by o differing from 45°, as it will in any sctual structure with
members of finite size. Ths factor Cp 1s similarly equivalent

to the theoretical factor Cp given in refcrence l.

The allowaeble values for T,., given In Tigure 1} were based
chiefly on tests of long w2bs subjected to loads approximating pwre
ghear (reference 15). These tests showsd that the ultimate value
of Tpax Wwas independent of the rivet factor In the practical

range (CR > 0.6) a8 long as the bearing sirecses 4i1d nol exceed
the allowable valuss. 'These tests ylelded valuea of allowable
atress at k =0 end k = 0.3 as shown in figure 25. (The test
pointe ghown rcpresent the averagze ol =ll teste over the range of
rivet factor covered.) The alloweble stresces at k = 1.0 were
egtimeted as follown: For fully developed dlagonel tension, the
tenelon siress in the web ie given by iformila (23); the ultimato
nominal shear ctress 1a ithevetfors

gin 2a

_‘
!
nja

or souevhat less t*han ¢/2. Thin etress must be reduced to take
Into account tiie rcduction of section caused by the presonce of
the rivet holsa and the stress-concentration effects caused by
these holes. The combinsd affsct of thsse two factors was
estimnted as 0.75 for 248-T alloy and az 0.81 for T53~T alloy, the
latter having o smaller Tactor of stress concentration.

Figure 25 chowve also points obteined from tests on a square
picturc-frame jig (reference 16). The higher stresses developed
in this iz may have becn hilgher bscause friction between the sheet
and the freme angles relieved the riveted Joint. The effect of
friction can b2 quite high, but 1t showld probably not be relied
on to operate under service conditions.
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In six NACA beam teste in which web failure was predicted and
obgsrved, the ratio of actual to predicted failing load ranged
from 0.95 to 1.06, with en average of 1.01l. In six manufacturers'
teste, the ratio was 1.)4 t 0.06. The alloweble stresses obtained
from figure 1k are therefors somewhat conservative on the average.
All these comperisons are based on ectual material properties. The
two premature web failures showm in table 2 were due to damage
ceuvged by shop accidents and should be disregarded.

RIVILT DESIQN

Yeb-to-flange rivetg.~ Failures of web-to-flange rivets were
observed in five menufecturers' tests. When actual rivet strengths
as determined by speclel tests werc used as alloweble values, the
strengths developed in the beam tests ranged from 3 percent lower
to 16 percen® higher than predicted, with an average of T percent
higher. When nominal rivet strengths were used as allowable
strengths, the actual valves ranged Trom 37 percent to 60 percent
higher than prodicted. These values reflect the well-known fact
that nominal rivet strengths are usually guite conservative.

Formula (15) for the load (per inch run) on the Flange rivets
is a formuwla for straighi-line interpolation betwaen the limiting
cases k =0 and ¥ = 1.0. If the engineering theory of incomplete
diagonal teneion were interpreted literally, scperate rivet loads
would be computed for the shear component and the diagonel-tension
component of the shear load, and these loads would be added
vectorlally. The resulting formula would be from 7 percent to
9 percent leos conservative than formula (15) in the range of the
Tlve tests under discussion. Consequently, if actual rivet strengths
had been uscd as allowable strengths, the strength predictions
based on this more rational formwla would have been about 2 percent
uncongervetive on the average and up *o 12 percent unconservative
in the extreume case’ The more rational formula is therelfore
unconservetive by a sufficient margin to give preference to
formule (15). It should also be realized that the greater ration-
ality 1s largely spurious; the engineering thsoory of incomplete
diagonal tension claims only to represen® the averege stress
condition in a bay, and these average conditions do not exist
clong the edges of the bay where the rivets are located.

Web-to-upright riveis.- Formula (16) for the rivet shear
strength required in double uprights is a semiempirical formula
end was taken from refersnce 17. The tests described in the
reference showed that the colum strength developed does not depend




30 WACA TN o, 136k

very critically on the rilvet sfrength; figure 4k of the refocrence
shovs, for instence, that a reduction of the rivei strength

10 50 percent of the requircd value reduces the colum strength

on the average o 92 percent ol the velue obtainuble with adeguate
riveting. The averego curve in this flgure was used for svaluating
tho early NACA beam tests in which the rivet strengths wero
generally less than required by formula (16).

Formulas (17) and (18) for the required "ensile strongths of
the rivets represent en attempt to provide a criterion for safc-
guarding sggainst a type of failure somatimes obgerved in tests.

Tt is especially important for single uprights, because no
criterion previously existed to detcermine the required rivet
strenagth. Bocause no tests have buwen made to check specifically
on thig item, the avallable evidence is rather fragmentary and
largely negative; that 1s, in most tests no failures were observed
(or at least none were recorded) . An adiitional difficulty is
that rivet Tollurcs are of'ten found alter the failure of the beam,
end 1t is then impossible to state whether the rivet failure wvag &
primary one responsible for the beam fallure or a secondary one
that took place while the beam wes failing for other rcasons. In
view of all these uncertainties, the coefficlents glven in
formvlas (17) and (15) should be considered only as tentative values.

Tor single uprights, the anelysis was Lssed on a total of 21 tests.
Three failures werc observed with the coefficient in formule (18)
renging from 0.10 to 0.13. MNo failures were observed in the
remaining 18 boams, for which the coefficlent ranged from 0.18
to 0«31, Thers were only two tesis in the renge from 0.13 to 0.22,
however, the remeining 16 beoms heving coefficlents above 0.22.
me coefficient for the design fomaula was therefore taken as 0.22
in order to be conservative. I more teats had been avallable in
the range from 0.13 to 0.18, a lover coefficisnt in the desimm
formula might have been Justified. Although the coefficient 0.22
rmay appear to be more conservatlive than necossary if the tests are
taken at face value, it is not considered to be wnduly severe. All
+he manufacturer's beams analyzed ‘ulfilled this criterion, and.
presumably they represented acceptable riveting procticos. The
lower rivet strengths incorporated in = numbor of the NACA beams
arose from the fect thet these beams were intended primarily for
clrain-gage tests to determine the diaponal-tension factor k. In
order *o accomodate the strain gages, the rivet pitch was Increased
in some cases; in other cases countersunk rivets were used vhich
have a relatively low tensile sirength.

On beems with double uprights, two fallures werc observed with
coefficients of 0.09 to 0.13. o failures were observsd on four
beams with cocfficients above 0.12 and on *two beams with coefficients
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of 0.07 end 0.0%. The susgested descign coefficient of 0.15 is
thercfore probably conservetive. Failures wore observed on geveral
beams with cocfficients renging from 0.07 to 0.7, but the shear
ptrengths of the rivets on these boams were irom 25 to 75 percent
velow the strengths requived by formula (16); these fallures were
therefore attributed to shear rather than to tensile loads.

Upright-to-flonge rivets.- Although testis on & rether large
number of beams werc aveilable for analysis, therc were almost no
records of fallure in upright-to-flange rivets. This lack of
failures con probably be attributed to the use of very conssrvative
desim formulas based on pure-dicgonal-tension theory or slight
modificetions of this theory. In the NACA beams of sories IT
end III, the excess strength arose from the fact thet the boam
flanges were used for 2 numbsr of teste, and bolts Instend of
rivets werc emplayed for all flangs comnections In order to
facilitete digassembly after & Lest.

For beams with double uprights, one rivet failure was recorded.
Tho existing nomninal riveh strength was only ebout 5 percent bolow
the required sirength. The oxisting actual rivet strength wes
therelore protably well above the required strength, but the
analysis waz very unceriain because of a pecuvliar design featlure
(reinforced uprishh). In three bsams, no fallures were recorded,
although the existing nominal rivet sirengtio ranged fron 0.47
to 0.70 of the required strength; these values are 80 low that tho
existing actual rivet strengths were probably below the required
sirengths in at loast lwo cases. The avallable evidence appears,
therefore, to Justify the conclusion that formula (19) for the
rivet strength required on the ends of double uorights would
genarally be safe even if actual rivet strengths were used as
allowable valucs.

For beams vwith sincle uprislhits  there were two recordes of failure
although the rivet strengths wers aopreciabdly greater than required.
Tic analyses wers extremely uncertain, however, bscauss soveral
important dimensions of the beame were not ziven and had to be
estimeted or inferrsd. Against these two records of Tallure there
are 13 records of successful Joints in vhich the ratio of existing
nomingl rivet strength to required strength was less than wnity,
the two lowest ratlos being 0.€3 and 0.53. It apnears therefore
reasonably safe to drav the same conclusion as for double uvprishis,
that is, that lormula (20) would probably be zafe, in general, cven
if actual rivet strensths were used as allowable valuco. An
appraciable margin of safety should exist in practice because the
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allovable strength values Tor rivets are likely to be well below

the actual strengths. It might be pointed out also that formulas (19)
and (20) are inherently comservative becauss they neglect tiie gussct
effect; howevcr, thls offect 18 small in meny beams mnd mey be
overshadowed by unpredicteble irregularities.

SECNLARY BENDING MOMENTS TH ILANCED

Experimental evidence on eccondary bending strespes in. the
Tlanges is confined to a few measurements given in raferences 3.
Most of tiese moasureanents were made on beams with very flexible
flanges beyond the range of »fffici-mnt design and showed the pre-
dictlone to be very conservative. In the renzs of normal flange
flexibilitles, the predictions weorce somswhat congorvative.
Formula (21) is probLably alw.ys conservaiive because 1t neglects
the fact thet & web In incomplete diagonal tenaion contributes to
the section moduluas of the beam flanges.,

CHPAR DTTFFIEES OF VED

The deflec’ion of a centilever beam is calculnted by adding
the so-called bending dellectlon and the shear Jdeflection according
to the forrmla

—PL - P L

A T T S

ST T h e,

vhere C is the effective shezr modulun glven by figure 19. This

e
cffective shsar modulus wao caleculated as follows: According to
Tormula (%), the shear lozd S c¢on bs divided Into a shear
compenent end a diagonal-tension component. The total shoasr
deflection is the sum of the deflectlons caused by theos two
components; the effective shear modulus Tor incomnlete dianonal
tenslon is thercfore defined by the reletion

+

1 1 -k ¥
dooLok, K (24)
Ge ¢ GDT

wvhere GD‘F
diagonal tension. The velue of GDT can bz calculated by the

1a the effective chear modulus of a web in pure
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relations given in referonce L.
derived from those relations i

o

()

A convenient TormuU=z which can b=

P
i
i

on the simplifying assumption that th beam flonges are sufficientl
large to permit naglocting the strain <, ceuszd by the horizontal
omponent or tho diagonal~-tsnsion force.

Waen the web oires tha

value G, mnust be used. A teniative
reference 4., This cwwvs was basod on

tests and is rather wicertain. “irce
curve is known o be gquitc veriable wi

proportional limit, a

enrve fov CG./G, was given in
£ sl number of unpublishe

e ghape of the sirosss-stra
th the ordating tolerance

CA

of composition of meterinl and hool treatment, it 1s not likely

that a nigh scowracy can be zcehieved In vredic
v beyond the yleld otio ¥

atregees near

, G306

N ]

ting deformations at
thero> appoars

~

‘ormately,

(S

to be no practical need For such accuracy.

3
ana

Figure 26 chowe orperinantel
beams of seriexs I. The agreo=msnt

Langley Memorial Acreonoutl
Nationel Advigory Comittoe Jor

Langley Field, Va., April 2,

crlevlated deilections for the

\

- - PR - SF T +omy
L8 very sctiniactory .

zal Teboralory
Aeronautics
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(@ Nonbuckled ("shear-resistant’) web.

(b) Pure diagonal-tension web.

Figure |- State of stress in a beam web.

—t O’:—(l—k>2'
L 2 OTLO TN
- + — 2KT A et
o= (l—k)t G:m U=Sin20c
k=0 O< k<1 k =

Figure 3-Assumed dstribution of (vertical)
normal stress in web immedi-
ately after buckling.

—_— S~

Mqure 4 .- Diagonal-tension beam
with flexible flanges.
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Fig. b
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Figure 6.~ Buckling stresses T, for plates with
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Fig. 7
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Fig. 9
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Fig. 14
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Fig. 15
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Fig. 22
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